We explore how nuclear modifications to the nucleon structure functions, shadowing, affect massive gauge boson production in heavy ion collisions at different impact parameters. We assume that the nuclear modifications are proportional to the local nuclear density. We calculate the dependence of Z 0 , W + and W − production on rapidity and impact parameter in Pb+Pb collisions at 5.5 TeV/nucleon to study quark shadowing at high Q 2 . We also compare our Pb+Pb results to the pp rapidity distributions at 14 TeV.
The heavy ion collisions at the LHC will be a rich testing ground for hard processes which should dominate particle production [1, 2] . One of the most promising signatures of quark-gluon plasma production at the CERN SPS is J/ψ suppression [3, 4] which has been compared to the Drell-Yan continuum in the mass range 2.9 < m < 4.5 GeV. Both the production of J/ψ and Drell-Yan pairs are calculable in perturbative QCD. At the LHC, quarkonium suppression will be difficult to compare to the dilepton continuum due to contributions from cc and bb decays which have large uncertainties in nuclear collisions [5] . Since the low mass dilepton continuum is expected to be dominated by bb decays, the Z 0 was suggested as an alternative reference process for quarkonium suppression at the LHC [6, 7] . There are two difficulties with using the Z 0 as a baseline for quarkonium suppression: the large mass differences, m Z 0 ≫ m Υ , m J/ψ , and the difference in production mechanisms, predominantlyfor the Z 0 and gg for quarkonium. Both these differences are important as far as nuclear effects are concerned. However, the differences that reduce the value of the Z 0 as a baseline process are the same that make it an interesting object of study itself-the Z 0 provides a unique opportunity to study quark shadowing at high Q 2 . Therefore, in this paper we examine the possible effects of shadowing on Z 0 production as well as W + and W − production which are also quark dominated. The impact parameter dependence of the shadowing effect will also be shown.
We further address the issue of how to determine the shadowing effect. Since isospin will play an important role in quark-dominated processes, the comparison between Pb+Pb interactions with and without shadowing is less useful than in gluon-dominated processes such as heavy quark production [8] . In addition, the first, best, pp data will be at the maximum LHC energy of 14 TeV. Therefore we will also present the predicted rapidity distributions in Pb+Pb collisions at 5.5 TeV/nucleon and the pp distributions at 14 TeV as well as the Pb+Pb/pp ratios at the two energies.
The electroweak production and decay channels of the massive vector bosons make them excellent candidates for shadowing studies since no hadronic final-state rescattering is possible. The Z 0 itself, with a 3.37% branching ratio to lepton pairs, will be easily observable by reconstructing the peak. Full reconstruction of the leptonic W ± decays, W ± → l ± ν, is not possible due to the missing energy given to the undetected neutrino but charged leptons with momenta greater than 40 GeV should be prominent. This technique has been used at the Tevatron to measure the asymmetry between W + and W − production through their lepton decays since this asymmetry is sensitive to the ratio f [9] . If the charged leptons from W ± decays can be identified in heavy ion collisions, such asymmetry measurements may also be employed at the LHC to reduce systematics and obtain a more meaningful determination of the Q 2 dependence of quark shadowing in the nucleus.
The leading order, LO, cross section per nucleon for nuclei A and B colliding at impact parameter b and producing a vector boson V with mass m at scale Q is
where σ V ij is the partonic ij → V cross section. We assume that the parton densities F A i (x, Q 2 , r, z) can be factorized into x and Q 2 independent nuclear density distributions, position and nuclear-number independent nucleon parton densities, and a shadowing func-tion S i (A, x, Q 2 , r, z) that describes the modification of the nuclear structure functions in position and momentum space. Thus we have
where f N i (x, Q 2 ) are the densities of parton i in the nucleon and the radial variables s and
In the absence of nuclear modifications, S i (A, x, Q 2 , r, z) ≡ 1. The nuclear density distribution is a Woods-Saxon,
Electron scattering data [10] are used to fix the parameters R A , d, ω and ρ 0 . Experiments [11] have shown that the proton and neutron structure functions are modified in the nucleus. For momentum fractions x < 0.1 and 0.3 < x < 0.7, a depletion is observed in a large nucleus relative to a light nucleus such as the deuteron. The low x, shadowing, region and the larger x, EMC, region is bridged by an enhancement at 0.1 < x < 0.3 called antishadowing. Many theoretical explanations of this effect have been proposed. For example, if the modification is due to gluon recombination [12] , then the degree of modification should depend directly on the local gluon density and hence on the spatial position of the interaction within the nucleus. Nuclear binding and rescaling models also predict that the structure function depends on the local density [13] . Since no model can describe the effect over all x, we rely on parameterizations of the nuclear modifications.
Most typical structure function measurements are insensitive to any spatial dependence and thus average over the entire nucleus. One experiment using a bubble chamber found that the structure function does vary spatially but could not determine the dependence on impact parameter [14] . In a nuclear collision, the impact parameter can be determined from the transverse energy production. The spatial dependence of shadowing on transverse energy production has already been considered [2, 15] . The effects of spatially inhomogeneous shadowing on heavy quark [8, 16] , quarkonium, and Drell-Yan [2, 17] production in heavy ion collisions has also been discussed previously.
At LO, the partonic cross sections for the 2 → 1 production of vector bosons are quite simple [18] 
where G F = 1.16639 × 10 −5 GeV 2 , m Z = 91.187 GeV, and m W = 80.41 GeV. For a given flavor i, the sum of the squared vector and axial vector couplings are (g
For the W + and W − , we assume only the matrix elements |V ud | and |V us | are important. These two matrix elements are defined through the Cabibbo angle θ C as V ud = cos θ C and V us = sin θ C with sin θ C ≈ 0.22. The vector boson rapidity distribution is obtained by adding the delta function δ(y − (1/2) ln(x 1 /x 2 )) and convoluting over the parton densities with s = sx 1 x 2 . These two ingredients fix x 1 and x 2 so that
In AB collisions, the cross section per nucleon must include the nuclear isospin since, in general, σ
Then the integrand of Eq. (1), including only the shadowing functions and the partonic cross section, is
for each vector boson where Z A and N A are the proton and neutron numbers in nucleus A and we have abbreviated the shadowing functions as S i (A, x). We have included a theoretical K factor, K ≃ 1 + 8πα s (Q 2 )/9, to account for the size of the next-to-leading order corrections 1 . At Q = m V , K ∼ 1.35 when α s is evaluated at one loop with five active flavors. We note that the K factor is actually not just a trivial multiplicative factor because in addition to virtual corrections to′ → V , we also have processes with an accompanying jet in the 1 The next-to-next-to-leading order W ± and Z 0 total cross sections have been calculated [18] . These O(α 2 s ) effects are on the few percent level even though the vector boson can now be produced in the gg channel.
final state, e.g.′ → V g and qg → V q ′ . These real corrections not only smear the x 1 and x 2 values but also introduce the nuclear gluon distribution in the latter process. However, we have shown that the differences between the Drell-Yan, where V is a virtual photon, shadowing ratios at leading and next-to-leading order are trivial [2] . At the higher scale of Z 0 and W ± production, the approximation should be even better. Since our calculation is at leading order, we use the MRST LO [19] nucleon parton distributions. The MRST LO parton distribution functions evaluated at Q = m Z are shown in Fig. 1 . The valence distributions are somewhat larger than the corresponding sea quark distributions at x ≥ 0.1 and extend to higher x values while the sea quarks dominate the valence quarks at x ∼ 10 −4 by a factor of ∼ 100. Note also that f
The shadowing effect is studied with three parameterizations of the average, homogeneous, shadowing, S i k (A, x, Q 2 ) k = 1 − 3, measured in nuclear deep-inelastic scattering. The first, S 1 (A, x), assumes that the quark, gluon and antiquark modifications are equal and includes no Q 2 evolution [20] . The second, S i 2 (A, x, Q 2 ), has separate modifications for the valence quarks, sea quarks and gluons and includes Q 2 evolution from 2 < Q < 10 GeV [21] . The third parameterization, S i 3 (A, x, Q 2 ), is based on the GRV LO [22] parton densities. The ratios are evolved over 1.5 < Q < 100 GeV [23, 24] assuming that S
and S u 3 = S d 3 while the heavier sea quarks are evolved separately. Both the S 2 and S 3 ratios are evolved to higher Q 2 using DGLAP evolution [21, 23, 24] . The initial gluon ratio in S 3 shows significant antishadowing for 0.1 < x < 0.3 while the sea quark ratios are shadowed. In contrast, S 2 has less gluon antishadowing and essentially no sea quark effect in the same x region. However, the Q 2 evolution of S 2 stops below the vector boson mass, rendering it less valuable. We show results with all three parameterizations because no nuclear DIS data is available at high Q 2 . However, since S 3 includes the most recent nuclear DIS data and is evolved to a scale compatible with the vector boson masses, it should perhaps be favored.
The shadowing ratios in a lead nucleus compared to a proton are shown in Fig. 2 . The effects of shadowing on the valence quarks is strongest with S 1 since all quarks are treated equivalently. The S 2 and S 3 valence ratios are rather similar in magnitude although the anti-shadowing range, 0.01 < x < 0.3 is broadest for S 3 while the S 3 ratio is lower than the S 2 ratio at low x. The sea quark ratios are very similar for S 1 and S 2 when x < 0.1. Then the S 2 ratio is essentially unity until x > 0.3. It is most interesting to note the difference between the light and strange sea ratios in the S 3 parameterization. The ratios S is typically larger over all x and is antishadowed when 0.01 < x < 0.2. Since all three S 3 sea ratios are equivalent at Q = 1.5 GeV, the difference is solely due to the DGLAP evolution.
To include the spatial dependence of shadowing, we assume that the inhomogeneous shadowing is proportional to the undisturbed local nuclear rest density, Eq. (3), [16] 
where N WS is a normalization constant chosen such that
. At large radii, s ≫ R A , medium modifications weaken and the nucleons behave as if they were free. At the center of the nucleus, the modifications are larger than the average value determined from nuclear DIS. A second spatial parameterization, S i k ρ , based on the thickness of a spherical nucleus at the collision point [2] , leads to slightly larger modifications in the nuclear core.
We can now use Eqs. (6)- (8) to calculate the Z 0 , W + and W − cross sections in nuclear collisions. Table 1 gives the total cross sections in the CMS and ALICE central acceptances |y| < 2.4 and |y| < 1 respectively. The cross sections are larger than the virtual photon mediated Drell-Yan cross sections at lower masses [2] . The results, given for Pb+Pb collisions, are integrated over impact parameter in units of µb/nucleon pair. We note that with the normalization of S WS , the impact-parameter integrated cross section is unchanged when the spatial dependence is included.
In Table 2 we show the expected rate in nucleus-nucleus collisions at The ratios are rather similar for all vector bosons. The S 1 and S 2 ratios are approximately equal as a function of rapidity, presumably because the Q 2 evolution of the S 2 parameterization ends at Q = 10 GeV. The calculations have been extended over the entire rapidity range of vector boson production. At y Z ∼ 0, x 1 = x 2 = 0.017, in the low x region. As rapidity increases, x 1 increases, going through the antishadowing region and the EMC region with x 1 ∼ 0.33 at y Z = 3. When y Z → 4, x 1 → 1, entering the "Fermi motion" region and causing the upturn of the ratios at large y Z . Note also that at large x 1 , the valence quarks dominate. While increasing y Z (x 1 ) traces out the large x portion of the shadowing curve, the low x part of the shadowing regime is accessible in x 2 with growing y Z . At y Z = 3, x 2 ∼ 8 × 10 −4 , in a range where shadowing saturates in S 1 and S 2 . There is no saturation built into the S 3 parameterization, causing a steeper decrease in the ratios for large y Z with this parameterization than with S 1 and S 2 . In addition, the S 3 sea quark shadowing is never as strong at low x as for S 1 and S 2 so that these two parameterizations are both more shadowed in total. The Z 0 ratios are all slightly higher than those for W ± because the larger mass of the Z 0 results in x Z ∼ 1.1x W . The shadowing ratios are fairly simply traced out for vector boson production, especially at leading order since the fixed boson mass defines x at any y whereas Drell-Yan shadowing effects are smeared over the mass interval. However, the ratios shown in Figs. 3 and 4 will not be accessible experimentally due to the nuclear isospin. The comparison must be made to pp interactions, preferably at the same energy to retain the same x values. This ideal situation may not be realized for some time at the LHC. Therefore in Figs. 5-7 we show the Pb+Pb rapidity distributions with and without homogeneous shadowing as well as the distributions from pp collisions at 14 TeV for all three vector bosons. Note that the Pb+Pb cross sections are given per nucleon pair for a more direct comparison. The first obvious thing to note is that the higher energy extends the available vector boson rapidity space by one unit. The three gauge bosons all show a similar trend-a rise over the first several units of rapidity, followed by a decrease as the edge of phase space is approached. This type of rapidity distribution is typical fordominated processes and is due to the increasing importance of valence quarks at large y (x 1 ). The strongest effect is for W + production, particularly in pp collisions, and W − production in Pb+Pb collisions because the u valence quarks carry more momentum than the d valence, see Fig. 1 (a) , causing a strong increase in W + production in pp collisions. The trend appears in W − production due to the neutron excess in Pb+Pb where, in nn collisions, W − production proceeds dominantly through f Once the basic nuclear shadowing effects on vector boson production have been understood, they can perhaps be used to study other medium effects in heavy ion collisions by comparing the leptonic and hadronic decay channels. The hadronic decays of the vector bosons, ∼ 70% of all decays of each boson, may be more difficult to interpret. While the width of the Z 0 decay to l + l − is not expected to be modified in the quark-gluon plasma [25] , the Z 0 has a 2.49 GeV total width and will decay in any quark-gluon plasma to two jets through Z 0 →→ jet + jet in ∼ 0.1 fm. Therefore, the decay jets could be modified in the medium which may still be progressing toward thermalization and will be subject to rescattering and jet quenching. Thus a comparison of a reconstructed Z 0 in the dilepton channel where no nuclear effects are expected since leptons do not interact strongly and medium-modified jets should result in a broader width for thechannel than the l + l − channel [26] . In addition, the Z 0 could be used to tag jets through the→ Z 0 g and gq → Z 0 q channels to study the jet properties in the quark-gluon plasma [7] . Acknowledgements I thank K.J. Eskola for providing the shadowing parameterizations. I thank D. Kharzeev, K. Redlich and U. Wiedemann for discussions.
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